AML1 is one of the most frequently mutated genes in human leukemias (11, 40) . It is targeted directly by the t(8;21), t (16; 21) , and t(3;21) in various forms of acute myelogenous leukemia (AML), as well as by the t(12;21) in B-cell acute lymphoblastic leukemia (ALL) (18, 20, 47, 50, 55) . AML-1 is also the indirect target of the inv (16) , which alters core binding factor ␤ (CBF␤), the heterodimerizing partner of AML-1 (7, 39, 67) . Each of these translocations results in the formation of a dominant negative fusion protein that interferes with normal transcriptional activation by AML-1B (the largest isoform of AML-1 [45] ).
The product of the t(12;21)(p13;q22), TEL/AML-1B, is the most frequent translocation found in pediatric B-cell ALL (55, 61) . This fusion protein contains the first 336 amino acids (aa) of an ets factor termed TEL (translocation, ets, leukemia; also known as ETV6) linked to residues 21 to 480 of AML-1B (20, 33, 54) . The translocation deletes the DNA-binding domain of TEL but retains the AML-1 runt homology domain (RHD; the DNA-binding motif). Like the other RHD-containing translocation proteins, TEL/AML-1B interferes with AML-1B-dependent transcription (17, 27, 66, 70) . TEL/AML-1B also inhibits basal transcription from a promoter construct containing the T-cell receptor ␤ (TCR␤) enhancer (27) . A second determinant in the majority of cases containing TEL/AML-1B is that the other allele of TEL is deleted (1, 3, 6, 9, 13, 23, 51-53, 63, 65, 71) . Thus, TEL is also a putative tumor suppressor, whose loss may cooperate with the t(12;21) to induce leukemia.
The ets transcription factors are characterized by their homologous DNA-binding domain (the ets domain). The founding members of this gene family were identified by virtue of their oncogenic activity in avian retroviruses (58, 69) . The oncogenic ets factors appear to transform cells by activating transcription of target genes containing consensus ets factor binding sites (37, 68) . Analysis of the transcriptional regulatory functions of the t(12;21) fusion protein led to the suggestion that TEL acts as a transcriptional repressor (27) . In addition, wild-type TEL can repress the macrophage colony-stimulating factor receptor promoter (17) . Several other ets factors have also been shown to repress transcription. ETS-1 can both activate and repress transcription, depending on the promoter context (19) . In addition, the ets-related factor 2 (ERF-2) protein appears to be a constitutive repressor (59) . However, the mechanism of repression for these ets factors has not been defined.
TEL was originally identified at the breakpoint of the t(5;12) in patients with chronic myelomonocytic leukemia (21) . This translocation fuses the amino terminus of TEL to the tyrosine kinase domain of the platelet-derived growth factor receptor ␤ (12) . More recently, the amino terminus of TEL has been found fused to the catalytic domains of the ABL and JAK2 tyrosine kinases in patients with AML and T-cell ALL, respectively (22, 35) . TEL is also fused to NTRK3 in congenital fibrosarcomas (31, 56) . In each of these cases, the TEL portion of the protein appears to function as a homodimerization motif that is necessary for activation of the kinase catalytic domain.
Although the addition of the N-terminal portion of TEL to AML-1B results in the formation of a transcriptional repressor, the mechanism of this repression has not been determined. Here, we report that the conserved pointed domain of TEL, present in the TEL/AML-1B fusion protein, acts as a portable transcriptional repression domain. Repression by this TEL domain is active, in that it occurs at a distance. Consistent with this result, the pointed domain of TEL is sufficient for association with the mSin3A corepressor. We provide evidence that TEL/AML-1B physically interacts with mSin3A. Moreover, both AML-1B and TEL sequences contribute to this mSin3A association. While both the t(12;21) and t(8;21) fusion proteins interact with mSin3A, TEL/AML-1B-mediated repression is distinct from that of AML-1/ETO. Thus, both TEL and AML-1B contain distinct repression domains that are fused by the t(12;21) to create a constitutive repressor.
MATERIALS AND METHODS
Plasmids. The reporter plasmids and cytomegalovirus (CMV)-based pCMV5 expression constructs used have been described elsewhere (27, 43, 70) . The pCMV-AML-1B(⌬208-237) mutant is described in reference 43. The XbaI fragment from this construct was used to replace those in pCMV-TEL/AML1B and pCMV-TEL/AML(155-792) to make pCMV-TEL/AML(⌬520-549) and pCMV-TEL/AML(155-520/549-792), respectively. The C-terminally deleted pCMV-TEL/AML(1-782) was made by standard PCR methods. The GAL4 DNAbinding domain (aa 1 to 147) cDNA was the generous gift of Ivan Sadowski. The GAL4/TEL(1-333) construct was made by fusing the EcoRI-XbaI fragment from pCMV5-TEL/AML1 in frame to the GAL4 DNA-binding domain sequences and contains the first 336 aa of TEL and 7 aa of AML-1B. The GAL4/TEL(1-127) and the GAL4/TEL(41-127) constructs were made from GAL4/TEL(1-333) by standard PCR methods.
The GAL-thymidine kinase (TK)-luciferase construct was kindly provided by Ming-Jer Tsai (60) . The GAL-simian virus 40 (SV40)-chloramphenicol acetyltransferase (CAT) construct was made from the TCR␤-SV40-CAT plasmid by using standard PCR methods to replace the two AML-1B binding sites in the TCR␤ enhancer with consensus GAL4 DNA-binding sites (32) . The GAL-600-SV40-CAT construct was made by inserting a 1.6-kb ApaI fragment from the 3Ј noncoding region of the E2F3 cDNA (64) into the ApaI site between the enhancer and promoter. This plasmid was then cut with SmaI and BglII, blunt ended with Klenow fragment DNA polymerase, and religated. For those mutations made by PCR, isolated fragments were subcloned into pBluescript KS (Stratagene), and the entire fragment was sequenced.
The construct for Flag-tagged TEL was made by adding a C-terminal AspTyr-Asp-Asp-Asp-Asp-Lys peptide by standard PCR methods, using the internal BamHI site and the polylinker Asp718 site for subcloning. The TEL point mutants were created using the PCR and mutagenic oligonucleotides as described previously (28) . Plasmid pCMV5-TEL/AML-1B was used as the template for PCR. The sense-strand mutagenic oligonucleotides used were Mut-1 (L94S; 5Ј GGC AAA GCT TCC CTG CTG CTG ACC 3Ј), Mut-2 (F102N, R105G, S106F; 5Ј A GAG GAC AAT CGC TAT GGA TTT CC 3Ј), Mut-3 (I82V, L113S, L117S; 5Ј GGT GAT GTG TCC TAT GAA CTC TCT CAG CAT ATT TTG 3Ј), and Mut-4 (L113D; 5Ј GGT GAT GTG GAC TAT GAA CTC CTT) (mutations are underlined). Note that the I82V change in Mut-3 occurred during the PCR. The 5Ј and 3Ј primers for the second PCR overlapped the unique XhoI and XbaI sites in TEL/AML-1B for subcloning and incorporated an additional E45A change that did not affect TEL dimerization or mSin3A binding. PCR mixtures were incubated for 1 min at 95°C, 2 min at 50°C, and 1 min at 72°C for 25 cycles.
Cell culture and transfection. C33A cells and Cos-7 cells were maintained in Dulbecco's modified Eagle medium (DMEM; BioWhittaker) containing 10% fetal calf serum (BioWhittaker), 2 mM L-glutamine (BioWhittaker), and 10 g of gentamicin (Sigma) per ml. Transfections were performed on 4 ϫ 10 6 C33A cells per 100-mm-diameter dish by the calcium phosphate coprecipitation method as previously described (24) . Coprecipitation was performed with 2 to 4 g of reporter plasmid, 5 g of expression plasmid, and 5 g of the internal control secreted alkaline phosphatase (SEAP) expression plasmid pCMV-SEAP, supplemented with pBluescript KS to 25 g. For Cos-7 cells, transfections were performed on 2 ϫ 10 6 cells per 100-mm-diameter dish by the DEAE-dextran method (14) , using 3 g of each of the indicated plasmids. Control transfections were performed with vector only.
NIH 3T3 cells were maintained in DMEM supplemented with 10% calf serum (BioWhittaker), 2 mM L-glutamine, and 10 g of gentamicin per ml. Transfections were performed on 3.5 ϫ 10 5 cells per 60-mm-diameter dish with 15 l of Superfect reagent (Qiagen), 1 g of reporter plasmid, 2.5 g of pBluescript KS, 100 ng of repressor plasmid, and 0.5 g of the internal control plasmid pCMV-SEAP.
Transcription assays. Cells and supernatants were harvested 44 to 48 h posttransfection. For CAT assays, cells were washed twice with phosphate-buffered saline (PBS; pH 7.4) and lysed in 300 l of 250 mM Tris (pH 7.4) by sequential freeze-thaw cycles. CAT assays were performed as previously described (24) , and percent acetylation was quantitated on a Molecular Dynamics PhosphorImager using ImageQuant software. For luciferase assays, cells were washed twice with PBS and lysed in 200 l of reporter lysis buffer (Promega). Aliquots of 10 l were tested for luciferase activity by using the Promega luciferase reagent assay according to the manufacturer's instructions.
pCMV-SEAP or pRSV-SEAP was included as an internal control for transfection efficiency (27, 70) . SEAP activity was quantitated as described elsewhere (8) except that incubations were performed at room temperature. CAT and luciferase activities were then normalized with respect to SEAP activity.
Antibodies. The anti-RHD AML-1 was generated to a glutathione S-transferase (GST)-AML-1(50-179) fusion protein, which was used to immunize New Zealand White rabbits. This antibody is specific to AML-1 (data not shown) and is available from Calbiochem. The anti-TEL antibodies were directed to a peptide containing the first 29 aa of TEL linked to keyhole limpet hemocyanin, which was used to immunize New Zealand White rabbits. The mSin3A antibody (K-20) was purchased from Santa Cruz Biotechnologies.
Immunoprecipitation. Labeled or unlabeled cells were lysed 48 h posttransfection in antibody buffer containing either 0.5% NP-40 or 0.1 to 0.5% sodium dodecyl sulfate (SDS)-0.5% sodium deoxycholate-0.5% Triton X-100 in a mixture consisting of 10 mM Tris (pH 7.4), 140 mM NaCl, 3 mM MgCl 2 , 0.5% NP-40, 0.1 mM phenylmethylsulfonyl fluoride, 10 g of aprotinin per ml, 10 g of leupeptin per ml, and 100 M sodium orthovanadate as indicated. Cells were labeled 40 h posttransfection with 100 Ci of [
35 S]methionine and [ 35 S]cysteine (PROMIX; Amersham) for 3 h in methionine-and cysteine-free DMEM (BioWhittaker) that contained 2% dialyzed calf serum (BioWhittaker). Cells were then lysed in antibody buffer. Lysates were sonicated, cleared by centrifugation, and incubated with 100 l of formalin-fixed Staphylococcus aureus (Pansorbin; Calbiochem) for 30 min to remove nonspecific protein binding. After centrifugation for 5 min at 4°C, the supernatants were collected and incubated for 1 h with primary antibody. A 50% slurry of protein A-Sepharose (15 l; Pharmacia) was then added for 1 h to collect the immune complexes. The beads were washed three times with antibody buffer, and the immune complexes were eluted by boiling in 1ϫ Laemmli buffer. Samples were separated by SDS-polyacrylamide gel electrophoresis (PAGE) on SDS-7.5 or 10% polyacrylamide gels prior to immunoblot analysis.
In vitro transcription-translation reactions and glutathione-agarose precipitation assays. mSin3A was transcribed and translated in vitro in the presence of PROMIX (Amersham), using the Promega T7 coupled reticulocyte lysate system according to the manufacturer's instructions. The template, pVZ-mSin3A, was generously provided by Robert Eisenman (Fred Hutchinson Cancer Research Center, Seattle, Wash.). GST-TEL fusion proteins were purified with glutathione-Sepharose 4B beads (Pharmacia). After a 4-h binding reaction at 4°C, the beads were washed three times with a high-salt buffer (50 mM HEPES [pH 7.5], 450 mM NaCl, 25% glycerol, 0.5 mM dithiothreitol, 0.1% bovine serum albumin, 1 mM EDTA, 1ϫ Complete protease inhibitor) and washed one time in buffer lacking bovine serum albumin. The amounts of the fusion proteins bound to the beads were determined by SDS-PAGE and staining with Coomassie R250. The amount of mSin3A was determine by autoradiography.
Immunoblot analysis. Proteins were transferred to nitrocellulose membranes (Hybond C; Amersham), blocked with 5% nonfat dry milk in PBS-0.1% Tween 20, and then probed with primary and secondary antibodies (43) by using an enhanced chemiluminescence analysis system (Amersham).
RESULTS
The pointed domain of TEL is a portable transcriptional repression domain. The addition of the N-terminal 336 aa of TEL to AML-1B by the t(12;21) converts this transcriptional regulator into a repressor (27) . To determine whether the TEL residues present in the fusion protein could function as a portable repressor domain, we fused the N terminus of TEL/ AML-1B to the GAL4 DNA-binding domain (Fig. 1A) . GAL4/ TEL(1-333) repressed transcription from a plasmid containing four GAL4 binding sites upstream of a minimal TK promoter ϳ7-fold (Fig. 1B) . Within these TEL sequences lies a motif homologous to one found in the Drosophila pointed protein (the pointed domain). Therefore, we tested whether this domain is sufficient for repression by fusing either the N-terminal 127 aa or the pointed domain alone (residues 47 to 127) to the GAL4 DNA-binding domain (Fig. 1A) . The GAL4/TEL(1-127) mutant worked as well as GAL4/TEL(1-333) (Fig. 1B) . The isolated pointed domain retained nearly 60% of this activity (Fig. 1B) . The chimeric GAL4/TEL proteins were expressed at similar levels (Fig. 1C) . These results suggest that the pointed domain is sufficient for transcriptional repression.
TEL/AML-1B repressed transcription from an SV40 minimal promoter when the promoter was fused to the TCR␤ enhancer, which contains binding sites for AML-1B (27) . To determine whether the Gal4/TEL(1-333) fusion protein could also inhibit reporter gene expression from the TCR␤ enhancer/SV40 promoter, we used a plasmid in which the AML-1B binding sites in the enhancer were replaced with GAL4 binding sites ( Fig. 2A) . The GAL4 DNA-binding domain alone and GAL4/TEL(1-333) had only small effects on transcription from the original TCR␤ plasmid (Fig. 2B) . By contrast, GAL4/ TEL(1-333) repressed transcription from the SV40 promoter ϳ5-fold, whereas GAL4 alone had only a 2-fold effect. This repression was dependent on the presence of the GAL4 DNAbinding sites (Fig. 2C) .
Given that TEL sequences must be brought to DNA to repress (here via the GAL4 DNA-binding domain), TEL does not appear to function by squelching transcription. Therefore, it appears that TEL is an active repressor. To further test this hypothesis, we asked whether the GAL4/TEL(1-333) fusion protein could act at a distance. A 600-bp DNA fragment was placed between the enhancer and promoter of the GAL-SV40 construct, and this reporter was tested for responsiveness to the GAL4 fusion proteins. The GAL4 DNA-binding domain had no effect on transcription from this reporter (Fig. 2D) . However, GAL4/TEL(1-333) still repressed transcription from the SV40 promoter four-to fivefold (Fig. 2D) . Thus, the TEL sequences can function from short or long range with equal effectiveness, supporting our hypothesis that TEL-mediated repression is an active process.
The TEL sequences present in TEL/AML-1B stabilize the interaction between AML-1B and mSin3A. AML-1B physically interacts with mSin3A to repress transcription of the p21 WAF1/CIP1 promoter (43) . In coimmunoprecipitation assays from cell lysates, sequences adjacent to the RHD are required for associating with mSin3A (43) . Because the entire mSin3A interaction domain (SID) is retained in TEL/AML-1B, we tested whether the fusion protein could also associate with the mSin3A corepressor. TEL/AML-1B was transiently expressed in Cos-7 cells, and cell lysates were immunoprecipitated with antibodies that recognize endogenous mSin3A. Coimmunoprecipitating TEL/AML-1B was then detected by immunoblot analysis. TEL/AML-1B specifically associated with mSin3A under high-stringency conditions (Fig. 3A) . This association was specific, as addition of the antigenic peptide to the cell lysate effectively blocked coimmunoprecipitation with mSin3A. In addition, we used a t(12;21)-containing cell line, REH, to determine whether the endogenous TEL/AML-1 interacts with endogenous mSin3A. Here, we performed the reciprocal experiment by immunoprecipitating REH cell lysates with anti-TEL or normal rabbit serum and detecting mSin3A by immunoblot analysis (Fig. 3B) . mSin3A was found in TEL, but not in control, immune complexes. Thus, TEL/AML-1 and mSin3A associate in a t(12;21)-containing leukemic cell line.
To define the domains of TEL/AML-1B that contact mSin3A, we created a series of TEL/AML-1B deletion mutants (Fig.  4A) and then compared the abilities of the fusion protein and AML-1B to interact with mSin3A. Because AML-1B comigrates with the immunoglobulin G heavy chain, we radiolabeled the transfected Cos-7 cells and tested for mSin3 coimmunoprecipitation (Fig. 4B) . Unexpectedly, more TEL/ AML-1B was coimmunoprecipitated with anti-mSin3A than AML-1B, suggesting that most of the TEL/AML-1B was bound to mSin3A (Fig. 4B) . As previously observed, deletion of residues 208 to 237 in AML-1B was sufficient to abolish the mSin3A interaction (Fig. 4B) (43) . Unexpectedly, deletion of this same domain in TEL/AML-1B [TEL/AML-1B(1-520/549-792)] did not affect the mSin3A association, suggesting that TEL sequences contributed to this association (Fig. 4B) . Removal of the N terminus of TEL/AML-1B reduced, but did not ablate, mSin3A binding (Fig. 4B , TEL/AML 155-792). Because an endogenous mSin3A-associated protein comigrated with this mutant, we confirmed this association by immunopre- cipitation followed by immunoblot analysis ( Fig. 4C ; note that the nonspecific bands in the lysate panel may be endogenous AML-1). Deletion of both the N terminus of TEL and the AML-1B mSin3A-binding domain [TEL/AML(155-520/549-792)] significantly reduced the amount of TEL/AML-1B that associated with mSin3A (Fig. 4B) . However, this double mutant did retain some ability to associate with mSin3A compared to the AML-1B(⌬208-237) mutant (Fig. 4B) . Thus, the TEL sequences C terminal to residue 155 may contribute a weak mSin3A-binding domain to the fusion protein, but the N-terminal 155 aa and the AML-1B SID are required for a stronger association with mSin3A.
Because TEL/AML-1B(1-520/549-792) associated with mSin3A better than wild-type AML-1B (Fig. 4B) , we examined whether TEL sequences were sufficient for mSin3A binding. Under the same high-stringency conditions that were used to define the TEL/AML-1B and AML-1B association with mSin3A, no TEL coimmunoprecipited with mSin3A (data not shown). However, under lower-stringency conditions (0.5% NP-40), TEL coimmunoprecipitated with mSin3A (Fig. 5A) . To identify the SID(s), we used the available GAL4/TEL chimeric proteins. GAL4/TEL(1-127) associated with mSin3A, albeit at lower levels (Fig. 5A ). This finding is consistent with its ability to repress transcription (Fig. 2) . Unfortunately, we could not determine whether residues 155 through 333 were sufficient for binding mSin3A [as was indicated by the association with the TEL/AML-1(155-520/549-792) double mutant ( Fig. 4B) ] because a GAL4/TEL(155-333) protein was not stably expressed (data not shown). Nonetheless, TEL did associate with mSin3A, and residues 1 to 127 contain an SID.
The N-terminal 127-aa region of TEL contains the pointed domain, which mediates TEL and TEL/AML-1 homodimerization. To differentiate whether TEL represses transcription through mSin3A binding or homodimerization, we performed PCR-based mutagenesis of the pointed domain to identify mutants that would no longer homodimerize. To test dimerization through the pointed domain, we took advantage of the difference in size between TEL and TEL/AML-1B. These proteins were coexpressed, and metabolically labeled TEL/ AML-1B was detected in TEL immune complexes. We were able to identify two TEL mutants that were impaired in the ability to dimerize with TEL/AML-1B (Fig. 5B ).
Next, we tested these mutants for the ability to bind to mSin3A. We created GST-TEL fusion proteins containing the first 127 aa of wild-type TEL or the pointed domain mutants. In addition, we subdivided the N-terminal domain to determine if the pointed domain is sufficient for mSin3A binding. The mSin3A corepressor was synthesized in vitro, and the GST-TEL fusion proteins were used to purify mSin3A from reticulocyte lysates. Compared to native GST, the N-terminal VOL. 19, 1999 CHARACTERIZATION OF THE TEL/AML-1B FUSION PROTEIN 6569 127 aa bound mSin3A, consistent with the coimmunoprecipitation results (Fig. 5C ). In addition, the pointed domain, but not residues 1 to 40, was sufficient to mediate a mSin3A interaction (Fig. 5C ). These results were confirmed in coimmunoprecipitation assays (data not shown). In addition, the point mutants that failed to dimerize retained the ability to bind mSin3A, although mutant 2 showed a reduced affinity (Fig.   5C ). Thus, the pointed domain of TEL interacts with mSin3A in vivo and in vitro. GAL4-TEL(1-127) and GAL4-TEL(41-127) retained the ability to repress transcription, consistent with their ability to bind mSin3A ( Fig. 2 and 5C ). Therefore, we subcloned the first 40 aa of TEL and the pointed domain mutations into the GAL4 vector to test these mutants in this assay. Both mutants 2 and 3 retained the ability to repress transcription from the GAL4-TK reporter plasmid, although mutant 2 was consistently a weaker repressor. This repression correlates with these mutants ability to bind mSin3, because mutant 2 was the only mutant that was impaired for mSin3A binding (Fig. 5C and D) . Thus, mSin3A binding and not dimerization correlates with TEL's ability to repress transcription. Although in this assay the first 40 aa of TEL appeared to repress transcription weakly (approximately twofold [Fig. 5D ]), these results were not statistically significant and were similar to those observed for GAL4 alone (Fig. 2) .
We confirmed the results with the pointed domain mutants by using TEL/AML-1B and a second reporter plasmid. Our previous work had indicated that in C33A cells, TEL/AML-1B-mediated repression is dependent on the N-terminal 155 aa of TEL (27) . Therefore, the point mutants were subcloned into TEL/AML-1 and tested for the ability to repress the TCR␤ enhancer linked to the SV40 minimal promoter (27) . Each mutant repressed transcription in comparison to the N-terminal TEL/AML-1B deletion mutant (Fig. 5E ). Once again, mutant 2 was somewhat impaired for repression.
Both TEL and AML-1B sequences can contribute to transcriptional repression. To determine whether mSin3A contributes to TEL/AML-1B-mediated repression, we used TEL/ 
AML-1B mutants lacking the mSin3A-binding domains in transient transfection assays with the p21
WAF1/CIP1 promoter (Fig. 6) . To assess whether AML-1B sequences contributed to this repression, we used a cell type (NIH 3T3) in which AML-1 represses transcription (43) . Deletion of the AML-1B mSin3A-binding domain had little or no effect on the ability of the fusion protein to repress transcription by this promoter [TEL/ AML(1-520/549-792) (Fig. 6)] . Deletion of the TEL N-terminal SID [TEL/AML-1(155-792) impaired the ability of the fusion protein to inhibit transcription from the p21
promoter. However, deletion of both the N-terminal TEL SID and the AML-1B mSin3A-binding motif further impaired the fusion protein [TEL/AML(155-520/549-792) (Fig. 6)] . Thus, both TEL and AML-1B sequences contributed to repression of the p21 WAF1/CIP1 promoter by TEL/AML-1B. The activity of TEL/AML-1B differs from that of AML-1/ ETO. AML-1/ETO, the product of the t(8;21), also physically interacts with mSin3A and represses transcription (42) . However, AML-1/ETO did not affect basal transcription from a TCR␤-SV40-CAT plasmid, whereas TEL/AML-1B did (27) . Therefore, we directly compared the abilities of TEL/AML-1B and AML-1/ETO to repress transcription from AML-1B-responsive promoters (Fig. 7) . When the TCR␤ enhancer was linked to the TK promoter (rather than the SV40 promoter [45] ), AML-1/ETO repressed transcription of the TCR␤-TK-CAT construct almost as well as TEL/AML-1B did (ϳ3-fold). As observed previously, AML-1/ETO had virtually no effect on basal transcription from the NP3 promoter, which was repressed by TEL/AML-1B (Fig. 7) . For the multidrug resistance 1 gene (MDR1) promoter, this situation was reversed. While TEL/AML-1B only moderately repressed basal transcription from this promoter (3-to 4-fold), AML-1/ETO repressed its transcription nearly 10-fold, virtually eliminating reporter gene expression (Fig. 7) . Considering that TEL/AML-1B and AML-1/ETO are associated with ALL and AML, respectively, our results suggest that differences in activity between TEL/ AML-1B and AML-1/ETO could be an important determinant of leukemic phenotype. Fig. 4A ). Assays were performed as described in the legend to Fig. 1 except that the WWP-luciferase reporter plasmid (16) was used. SEAP activity expressed from the CMV immediate-early promoter was used to correct for transfection efficiency.
DISCUSSION
In this study we have begun to dissect the mechanism(s) of transcriptional repression by TEL/AML-1B. By testing GAL4/ TEL fusion proteins on two different promoters, we have identified the conserved pointed domain present in TEL and TEL/ AML-1B as a repression domain. This motif is sufficient to repress transcription when tethered to a DNA-binding domain.
Repression by TEL appears to be active, as repression occurred from within a proximal promoter or a distal enhancer. This repression appears to be mediated by the mSin3 corepressor as both TEL and TEL/AML-1B associated with the mSin3A corepressor. The latter interaction is dependent on both the AML-1B and TEL sequences in TEL/AML1B. Thus, both TEL and AML-1B sequences contribute to repression mediated by the t(12;21) fusion protein.
AML-1B acts as a core element for enhancers and promoters by interacting with other DNA-binding proteins and histone acetyltransferases to activate transcription (30) . However, AML-1B also associates with the mSin3 and Groucho corepressors to repress transcription (4, 38, 43) . The addition of the TEL mSin3-binding domain(s) converts AML-1B to a constitutive repressor (27) (Fig. 6 and 7) . Under high-stringency conditions, more TEL/AML-1B associated with mSin3A than did wild-type AML-1B (Fig. 4B) or TEL (which showed no association with mSin3 under these conditions [data not shown]). Based on the weak association of TEL/AML-1B(155-520/549-792) with mSin3A, it is also possible that TEL sequences between residues 155 and 333 bind weakly to mSin3A to contribute to this interaction. Alternatively, this latter association could be indirect. If so, this association could be mediated by a second, yet to be identified corepressor (e.g., NCoR or SMRT), which then contacts mSin3A. We propose a model in which TEL and AML-1B normally contact the mSin3 corepressors, but where this interaction is regulated (Fig. 8) . The addition of TEL sequences to AML-1B in the t(12;21) fusion protein then traps AML-1B in an unregulated repression complex.
TEL may block the transactivation of positive-acting ets factors through heterodimerization (34) or repress transcription through homodimerization (44) . However, our results indicate that TEL can also repress transcription by recruiting the mSin3 proteins through the N-terminal 127 aa and perhaps residues 155 to 333 (Fig. 5 and 6 ). Several other ets family members have been shown to repress transcription (10, 15, 19, 49, 59, 73) . However, the only other constitutive repressor, ERF-2, lacks a pointed domain (59) . In addition, ERF-2 does not interact with mSin3 proteins or nuclear hormone corepressors, suggesting that it acts by mechanism distinct from TEL (26) . Our identification of the association of TEL and mSin3A provides the first insight into how this putative tumor suppressor might act to counterbalance oncogenic ets factors that activate transcription.
In many cases, the mSin3 corepressors link DNA-binding proteins to histone deacetylases to actively repress transcription (25, 26, 36) . To date, we have been unable to coimmunoprecipitate TEL or TEL/AML-1B with histone deacetylases (41) . This may be because the putative associations of TEL and TEL/AML-1B with histone deacetylases are indirect and are mediated by mSin3A. If so, the conditions needed to solubilize TEL/AML-1B (0.3% SDS is required for extraction of all of the protein) might disrupt the mSin3A-histone deacetylase interaction. Also, the TEL-mSin3A association was relatively weak, as it was observed only under mild conditions. Thus, TEL's association with mSin3 may not be stable enough for indirect associations with other components of the corepressor complex to be observed. Alternatively, the mSin3 corepressors can act independently of histone deacetylases (72) . Future investigations will be required to elucidate how mSin3 represses transcription in the context of TEL and TEL/AML-1B (Fig. 8) .
The t(12;21) is associated with childhood B-cell ALL, whereas the t(8;21) is found in cases of M2 AML (57) . Possible explanations for these distinct phenotypes have included the hypothesis that the fusion proteins are expressed from different promoters or that the translocations occur in different hematopoietic progenitor cells. The t(8;21) is present in trilineage progenitor cells but transforms only cells in the granulocytic lineage (46) . Therefore, another level of specificity must be intrinsic to AML-1/ETO. Both the t(12;21) fusion protein and the t(8;21) fusion protein retain the AML-1 DNA-binding domain and recruit the mSin3 corepressors to repress transcription. However, these fusion proteins display distinct architectures. TEL is fused to the N terminus of nearly all of AML-1B, whereas ETO replaces the C terminus of AML-1B. We have demonstrated that these differences give the t(12;21) and t(8;21) fusion proteins promoter-specific activities (Fig. 7) . We propose this difference as a contributing factor that leads to the distinct leukemic phenotypes generated by these translocations.
The observation that TEL/AML-1B recruits the mSin3A corepressor has implications for our general understanding of FIG. 7 . TEL/AML-1B repression differs from that of AML-1/ETO. C33A cells were transfected with the indicated reporter plasmids and either pCMV5-TEL/AML-1B, pCMV5-AML-1/ETO, or the pCMV5 vector. Data shown are the means of duplicate samples calculated as for Fig. 1.   FIG. 8 . Model for TEL/AML1B-mediated transcriptional repression. In the schematic diagram depicting TEL and AML-1B interacting with mSin3A, the t(12;21) fuses these two repressors to create a stable, unregulated interaction with the mSin3 corepressor for promoter-specific and active transcriptional repression.
the mechanisms of leukemogenesis. The mSin3 proteins repress transcription either by recruiting histone deacetylases or by physically interacting with components of the basal transcriptional machinery (2, 5, 25, 26, 29, 36, 48, 62, 72) . The fusion proteins encoded by the t(8;21), t(15;17), t (11;17) , and now the t(12;21) all interact with mSin3 proteins and repress transcription, indicating a common mechanism of action (but with different target gene regulation). Given that these are some of the most frequent chromosomal translocations in acute leukemia, pharmaceutical compounds that target the corepressor complex might serve as therapeutic agents for a large number of patients.
